The structure and the energy spectrum of the η ′ mesonic nuclei are investigated in a relativistic mean field theory. One expects a substantial attraction for the η ′ meson in finite nuclei due to the partial restoration of chiral symmetry in the nuclear medium. Such a hadronic scale interaction for the η ′ mesonic nuclei may provide modification of the nuclear structure. The relativistic mean field theory is a self-contained model for finite nuclei which provides the saturation property within the model, and is good to investigate the structure change of the nucleus induced by the η ′ meson. Using the local density approximation for the mean fields, we solve the equations of motion for the nucleons and the η ′ meson self-consistently, and obtain the nuclear density distribution and the η ′ energy spectrum for the η ′ mesonic nuclei. We take 12 C, 16 O and 40 Ca for the target nuclei. We find several bound states of the η ′ meson for these nuclei thanks to the attraction for η ′ in nuclei. We also find a sufficient change of the nuclear structure especially for the 1s bound state of η ′ . This implies that the production of the 1s bound state in nuclear reaction may be suppressed.
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Introduction
Partial restoration of chiral symmetry, which is incomplete restoration of spontaneous breaking of chiral symmetry with a sufficient reduction of chiral condensate, has been suggested in deeply bound pionic atoms [1] and low-energy pion nucleus elastic scattering [2] with a help of theoretical considerations [3, 4] . Thanks to this phenomenological finding, it can be believed that partial restoration of chiral symmetry really takes place in the nuclear medium. Based on linear density approximations, it has been found that the magnitude of the quark condensate is reduced by about 30% [1, 4] . The next steps along this line are investigation of the density dependence of the quark condensate beyond the linear density approximation as done in, for instance, Refs. [5] [6] [7] and systematic studies of partial restoration of chiral symmetry in other physical systems. One of the latter examples is the in-medium properties of the η ′ meson. It has been pointed out in a study of the QCD correlation function [8] and in a group theoretical argument [9, 10] that in order to affect the U A (1) anomaly on the η ′ mass the SU(3) chiral symmetry is necessarily broken and, thus, the η ′ mass should be reduced in the nuclear matter where partial restoration of chiral symmetry takes place. So far, many works were devoted to the in-medium calculation of the η ′ meson [11] [12] [13] [14] [15] [16] . Along the context of the partial restoration of chiral symmetry in the nuclear medium, the reduction of the η ′ mass at the saturation density was estimated as about 150 MeV in the NJL model [17, 18] and as about 80 MeV in the linear σ mode [19, 20] . There are also theoretical studies suggesting that the η ′ mass is insensitive to the nuclear density, such as Refs. [21] [22] [23] . Thus, the in-medium properties of the η ′ meson are interesting to be studied also as one of the examples of the phenomena under partial restoration of chiral symmetry in the nuclear matter.
The reduction of the mass in the infinite nuclear matter is described by an attractive in-medium scalar self-energy of the hadron. The self-energy in medium has density dependence. In a finite nucleus, because the density depends on the position in the nucleus, the attractive self-energy serves a position-dependent attractive potential with the local density approximation. In particular, the mass reduction induced by partial restoration of chiral symmetry is described by the interaction with the σ field. It is natural to have also repulsive interactions for the in-medium mesons as medium effects, but in the case of the η ′ meson it is known that the Weinberg-Tomozawa interaction vanishes for the η ′ N channel and it may be expected to have small repulsion from the ω meson exchange, which is a significant source of the repulsive interaction for the nuclear force. Thus, the possible mass reduction of the η ′ meson in the nuclear brings about the corresponding attractive scalar potential to the η ′ meson in nuclei, and one expects some bound states of the η ′ meson in nuclei. The formation spectrum of the η ′ bound state in a nucleus was first calculated in Ref. [24] for a (γ, p) reaction with a nuclear target. Later a comprehensive study for the η ′ bound state formation spectrum in a (p, d) reaction was done in Ref. [25] and an experimental feasibility to observe the η ′ bound states in nuclei was investigated in Ref. [26] . Experimental measurement of the η ′ bound states in 11 C has been done in GSI using the 12 C(p, d) reaction [27, 28] . Unfortunately a clear peak structure was not observed in the experiment. Still one has to make an effort to reduce background against the signal of the η ′ bound state. The information of the optical potential for the η ′ meson in nuclei was deduced from the η ′ photoproduction experiments on nuclear targets in Refs. [29, 30] for the real part and in Refs. [31, 32] for the imaginary part. The scattering length of the η ′ p interaction was also extracted from the pp → ppη ′ reaction [33] . A formation experiment of the η ′ mesonic nuclei in the 12 C(γ, p) reaction by the LEPS2 collaboration is going on [34] .
In this paper we investigate the η ′ bound states in nuclei using a relativistic mean field theory, in which we regard the η ′ meson as a constituent of the nucleus and introduce attractive interaction between the η ′ meson and the σ mean field motivated by the η ′ mass reduction under partial restoration of chiral symmetry in the nuclear medium. In the previous calculations of the η ′ bound states [9, 10] , the nuclear density was assumed as a normal nucleus and the η ′ bound states were calculated with a fixed potential. It is natural that, if the interaction between the η ′ and nucleus is strong enough for producing the 100 MeV mass reduction, the nuclear structure could be changed due to the strong interaction. In the relativistic mean field theory, the saturation property is reproduced within the model and the nuclear structure is obtained by solving Dirac equation for the nucleon under the presence of the σ, ω, ρ and electric mean fields. Thanks to automatic implementation of the spin-orbit force with correct strength in the relativistic formulation, the magic number of the nuclear 2/24 structure is successfully reproduced. The relativistic nuclear field theory was introduced by Refs. [35, 36] and was developed in Refs. [37, 38] . References [39] [40] [41] applied for finite nuclei and investigated the properties of nucleus, such as the nuclear density distribution. The relativistic mean field theory was applied for the investigation of kaonic nuclei in Refs. [42] [43] [44] . In the relativistic mean field theory, the nuclear matter and nuclei are reproduced within the model, one can calculate the modification of the nuclear matter and nuclei under the presence of the η ′ meson as an impurity. Such back-reaction is very important for the investigation of the structure of the η ′ -nucleus bound system. In this paper, we consider 12 C, 16 O and 40 Ca as target nuclei and show the η ′ bound state spectra and nuclear density profiles in the presence of the η ′ meson in the nuclei. We assume that nuclear absorption of the η ′ meson in the mesonic nucleus is not considered, and thus the potential for the η ′ meson is to be pure real. One would expect that heavy nuclei could be good for the observation of the η ′ bound states in a nucleus. Indeed, the more bound states can be formed in the heavier nuclei. Nevertheless, the formation spectra of the η ′ mesonic nuclei can be complicated, because many peaks from these bound states are overlapped [25] . It may be hard to identify the η ′ bound states from such complicated spectra.
Formulation
We investigate bound systems of an η ′ meson in a nucleus in the relativistic mean field theory. The η ′ meson and the nucleons are constituents of the bound systems. Thus, we treat the η ′ meson as a matter field as well as the nucleon. The interactions between the constituents, or the N N and η ′ N interactions, are mediated by the bosons. Here we introduce the σ, ω and ρ mesons for the strong interactions and photon for the electric interaction between protons.
The Lagrangian that we use in the present work is given by
Here ψ is the nucleon iso-doublet field given as
and τ 3 is the third component of the Pauli matrix for the isospin space. We assume the isospin symmetry and m is the nucleon mass. The nucleon couples to the meson fields ω µ , ρ µ and σ, with the coupling constants g ω , g ρ and g σ , respectively, and to the photon field A µ with electric charge e. Since we consider the nuclear matter ground state, or the lowestenergy configuration of the nucleons, we take into account only the neutral ρ field. The field tensors for the vector fields are given by
and m ω , m ρ and m σ are the masses of ω, ρ and σ, respectively. The σ field has self-interactions with strength parameters b and c [38, 45, 46] . While the ω, ρ, photon and σ fields are to be 3/24 introduced as mean field, the η ′ meson is introduced as a matter field with mass m η ′ as well as the nucleon. The η ′ meson couples to the σ field with the coupling strength g ση ′ . This η ′ -σ coupling induces the interaction between nucleon and the η ′ meson mediated by the σ field as in the linear σ model [19] . We assume no η ′ -ω coupling according to the fact that the Weinberg-Tomozawa interaction vanishes for the η ′ N channel [10] . The Weinberg-Tomozawa interaction is explained by the vector meson exchange. The value of the η ′ -σ coupling g ση ′ is the most important parameter in this work. It determines the strength of the attractive interaction between η ′ and nucleon and the depth of the η ′ potential in the nucleus. Thus, the nature of η ′ -nucleus bound systems, such as binding energies, is sensitive to the value of g ση ′ . Here we fix it based on the result of the linear σ model [19] . We treat the σ, ω, ρ and γ boson fields as static mean fields allowed to have spatial variation. We assuming spherical nuclei, the mean fields have only radial dependence and the spacial components of the vector field vanish in the mean field approximation. The equations of motion for these fields read
with the nuclear scalar density ρ s (r), the proton number density ρ p (r), the neutron number density ρ n (r), the η ′ number density ρ η ′ (r) and the η ′ energy E η ′ . Here we take the local density approximation, and these densities are given as functions of the radial variable. These differential equations can be solved by introducing the Green function G 0 ( r, r ′ ) for
For a spherical source ρ(r), the angular integral can be calculated, and the solution of the differential equation
with the boundary condition φ(r) → 0 for r → ∞ is given by
with
where r < = r, r > = r ′ for r < r ′ , and r < = r ′ , r > = r for r ′ < r. The mean fields can be obtained, once the nuclear and η ′ densities are given. For Eq. (4a), we assume an initial distribution of the σ mean field for the right hand side, and we solve Eq. (4a) with the Green function. We iterate this procedure until we obtain a self-consistent solution. We take the independent particle picture for the nucleon and the η ′ meson. These particles are moving independently in a one-body potential produced by the mean fields. The ground state of the nucleus is composed of the nucleons which fill lowest orbits according to Pauli principle. Because the mean fields are spherical, the one-body potentials are also spherical.
4/24
Separating the radial and angular valuables, we introduce the wavefunction for the nucleon with total angular moment j and magnetic quantum number m as
where the superscript of the nucleon wavefunction corresponds to orbital angular momentum ℓ = j ∓ 1 2 and Y ± jm is the spinor spherical function given by
with the spherical harmonics Y m ℓ (θ, φ). The Dirac equation for the nucleon is given for F (r) = rf (r) and G(r) = rg(r),
where κ = ±(j + 1 2 ), E N is the nucleon energy, V (r) is the vector potential and S(r) is the scalar potential. These potentials are given by the mean fields as
for proton and
for neutron. The nucleon wavefunctions and nucleon energy are obtained by solving the Dirac equation, once the density dependences of the mean fields are given. With the obtained wavefunctions, we calculate the nuclear densities. The scalar density is calculated by
where j a is the total angular moment of the state a and the summation is taken over the occupied states of the protons and neutrons, and the nuclear number density is obtained by
where N is proton or neutron and the summation is taken over the occupied states of proton or neutron. The nuclear densities are normalized as ρ p (r)d 3 r = Z and ρ n (r)d 3 r = N with 5/24 the proton number Z and the neutron number N . The effective mass of nucleon in the σ mean field is defined as
In the similar way, we solve the Klein-Gordon equation for the η ′ meson. Introducing the radial wavefunction as
we have the radial Klein-Gordon equation
Solving the above equation, we obtain the η ′ energy and wavefunction for an η ′ bound state with angular momentum ℓ. For the η ′ density, we take an average for the magnetic quantum number m and obtain
The wavefunction is normalized as ρ η ′ (r)d 3 r = 1. The effective mass of the η ′ meson, m * η ′ , is defined as
Thanks to the σ mean field, the effective η ′ mass is reduced in the nuclear matter for the attractive interaction with g ση ′ > 0. For finite nuclei, this effect is seen as an attractive potential for the η ′ meson and one expects some bound states of the η ′ meson in the nucleus. Concerning the ω-η ′ coupling, the possible source of the vector meson coupling might be the covariant derivative obtained by replacing derivative to ∂ µ + igω µ . But, because the η ′ meson is a neutral particle, there is no such a gauge-type vector meson coupling. A possible coupling may be so-called anomalous coupling like ǫ µνρσ ∂ µ ω ν ∂ ρ ω σ η ′ [47, 48] . However, owing to the antisymmetric nature of the ω fields, one of the ω fields should be its spatial component and it should vanish in a spherical nucleus. Thus, it is natural that the ω-η ′ coupling as a source of repulsive interaction be absent in spherical nuclei. Some studies [49] [50] [51] suggest that there are nucleon resonances which couple to η ′ N . If the η ′ meson has strong couplings to these resonances in the nucleus, this can be a source of the nuclear absorption of the η ′ meson into the nucleus. Such resonance effects can be implemented as an external complex potential of equation of motion for η ′ given in Eq. (22) . Alternatively if one regards such resonances as effective constituents of the system, one needs a coupled channel calculation between the η ′ -nucleus and N * -nucleus systems.
To obtain a self-consistent solution of Eqs. (4), (12), (13), (22), we first provide an initial condition for the nuclear number densities and the scalar density as, for instance, a WoodsSaxon type distribution. With this initial condition for the densities, we solve the mean field equations and obtain the distributions of the mean fields. For the σ mean field, we assume an initial distribution of the σ field and solve Eq. (4a) self-consistently. With the mean field distributions, we have the one-body potentials for the nucleon and the η ′ meson. Then, we solve the Dirac and Klein-Gordon equations for the nucleon and the η ′ meson and calculate their density distributions. With these densities, we solve the mean field equations again. We iterate these steps until we obtain a self-consistent solution. To construct η ′ mesonic nuclei, we first solve the equations without the η ′ meson and obtain a self-consistent solution 6/24 MeV and m ρ = 770 MeV. These parameters were originally determined in Ref. [52] . for a usual nucleus. We take this configuration as the initial condition for the η ′ mesonic nuclei, because the η ′ mesonic nucleus is produced from an existing nucleus in formation experiments.
We also calculate the total energy of the system
where the mean field energy E mean and the nucleon energy E nuc are defined by
respectively. We also confirm whether the obtained solution is stable against the energy. The parameters of the mean fields are determined so as to reproduce the nuclear matter properties. The formulation for the calculation of the nuclear matter properties is summarized in Appendix A. The masses of the hadrons in this study are shown in Table 1 . We assume isospin symmetry. The mass of the σ field determines the surface properties of finite nuclei. We use the parameter sets shown in textbook [52] , where several parameter sets were proposed. There parameter sets reproduce the saturation density ρ 0 = 0.153 fm −3 , the binding energy per nucleon B/A = −16.3 MeV and the symmetry energy A sym = 32.5 MeV, while the values of the compressibility K and the effective mass of nucleon at the saturation density, m * , depend on the parameter sets. It is known that the current mean field approach, 7/24 in which the σ field has cubic and quadratic self-interactions, provides negative coefficients for the quadratic interaction, when smaller compressibility and effective nucleon mass are to be reproduced [53] . In Table 2 we show the parameter sets used in this study and the reproduced compressibility K and the nucleon effective mass m * . In Fig. A1 , we show the equation of state for the symmetric nuclear matter reproduced with these parameter sets. This figure implies that all of the parameter sets well reproduce the saturation property and agree each other for lower densities ρ < 0.2 fm −3 , while in higher densities ρ > 0.2 fm −3 different equations of state are predicted. In this work, we compare η ′ mesonic nuclei produced by these different nuclear matters.
Results
In this section, we show our numerical results on the η ′ mesonic nuclei. Our target nuclei in this work are double magic nuclei, 16 O and 40 Ca, and 12 C. These are spherical stable nuclei and may be described well in the relativistic mean field theory. The 16 O nucleus is composed of eight protons and neutrons, and in the ground state these nucleons occupy the 1s 1/2 , 1p 3/2 and 1p 1/2 orbits. The 40 Ca nucleus has twenty protons and neutrons and they are in the 1s 1/2 , 1p 3/2 , 1p 1/2 , 1d 5/2 , 1d 3/2 and 2s 1/2 states. The 12 C nucleus has six protons and neutrons in the 1s 1/2 and 1p 3/2 orbits. First of all, we show that the present approach relevantly describes normal nuclei, and then we discuss the results of the η ′ mesonic nuclei.
Normal nuclei without η ′
To construct finite nuclei, we introduce initial nuclear density and σ field configuration, which are assumed to be Woods-Saxon type distributions with an appropriate radius for the nuclear density and the σ configuration. Then, we solve the equations of motion for the mean fields and the nucleons till a self-consistent solution is obtained. For these nuclei, the stabilized solution can be obtained within several iterations. In Fig. 1 , we plot the nuclear density calculated in the present approach for (a) 16 O, (b) 40 Ca and (c) 12 C. Here we show the results of the parameter sets of 2, 5, 7 for 16 O and 40 Ca and the parameter sets of 6, 8, 9 for 12 C. These parameter sets reproduce the equivalent saturation property but provide different equations of state especially at higher densities. Parameter set 2 and 7 supply soft and hard nuclear matter in which the ground state energies at higher density are lower and higher, respectively. Parameter set 5 produces a medium equation of state. We do not find any marked differences among the choice of the parameter.
In Table 3 , we show the numerical results of the nuclear properties obtained in the present model. For the binding energy per particle, E tot /A − m N , we obtain around −8 MeV for these nuclei, which is a typical binding energy for stable nuclei. We also show the average of the nucleon binding energy, E nuc /A − m N , which is around −20 MeV, and the mean field energy per particle, E mean /A, which is repulsive with 14 MeV for these nuclei. Owing that we have the saturation properties of the nuclear matter in this model, these energies are slightly dependent on the nucleus. For the 12 C nucleus, we take model 6, 8 and 9. These models have a positive value of the parameter c and are used in the calculation of the η ′ mesonic nucleus. (26) and (27), respectively, and the total energy of the nucleus E tot is given by E tot = E mean + E nuc . Here we show the binding energy per particle, E tot /A − m N , the average nucleon binding energy, E nuc /A − m N and the mean field energy per particle, E mean /A, where A is the mass number of the nucleus. 
η ′ mesonic nuclei
First of all, we determine the strength of the η ′ -σ coupling. We make a good use of the result obtained in the linear σ model [19] . In Ref. [19] , under the assumption that partial restoration of chiral symmetry takes place in the nuclear matter with 30% reduction of the magnitude of the quark condensate at the saturation density, one finds about 80 MeV mass reduction 9/24 of the η ′ meson at the saturation density 1 . We determine the g ση ′ coupling constant such that the effective η ′ mass m * η ′ given in Eq. (24) is 80 MeV smaller than the in-vacuum mass at the saturation density in our model, that is, ρ 0 = 0.153 fm −3 . To calculate the effective η ′ mass, we consider the infinite symmetric nuclear matter with the σ and ω mean fields and calculate the value of the σ mean field at the saturation density. With this value we determine the coupling constant g ση ′ from Eq. (24) . The determined parameters are listed in Table 4 . We see in the table that the ση ′ coupling constants are about one third of the σN coupling constant.
We solve the Klein-Gordon equation (22) with a definite angular momentum for η ′ and obtain the η ′ energy E η ′ for each angular momentum. We also calculate radial excitation states if exist. We do not consider nuclear excited states and nucleons are in the ground state of the η ′ -nucleus bound system.
The energy spectrum of the η ′ -16 O system is shown in Fig. 2 . Here we show the binding energy defined by E B = E tot − E16 O − m η ′ , in which E tot is the total energy of the system calculated as shown in Eq. (25) and E16 O is the total energy of the normal 16 O calculated in the current model without the η ′ meson. We find four bound states for η ′ , the 1s, 1p, 1d and 2s states. In Table 5 , we show the details of the energy contents of the η ′ mesonic nucleus. There we show the binding energy E B measured from the threshold of 16 O + η ′ , the η ′ binding energy, E η ′ − m η ′ , the average of the nucleon binding energy, E nuc /A − m N , and the mean field energy per particle, E mean /(A + 1), with A = 16 for 16 O.
It is interesting noting that for the case of the η ′ meson bound in the s states the total binding energy is smaller than the η ′ binding energy in magnitude, while for the higher ℓ states the total binding energy is larger than the η ′ binding energy in magnitude. This implies that, first of all, the nuclear modification effects are substantially large and should not be ignored. In particular, for the 1d state the η ′ binding energy is about 10 MeV, but the total binding energy is as large as about 40 MeV. The difference stems from larger binding energies of the nucleons in magnitude compared with the normal nucleus. With the η ′ meson in the nucleus, thanks to the strong η ′ -σ coupling, the σ mean field gets together to the η ′ meson and attracts the nucleons. Thus, the binding energies of the nucleons get larger in magnitude. The attraction also makes the nuclear density higher. As seen later, the central nuclear density for the mesonic nucleus with the 1s η ′ state gets about 1.5 larger than the normal density. This higher density makes the mean field energy enhanced repulsively. This 1 The original work [19] uses 700 MeV for the σ mass, while we take 450 MeV for the σ mass to reproduce the surface properties of nuclei. It is known that the value of the σ mass is not so important in the linear σ model and the model is fixed by the other parameters, such as the decay constant of pion and the masses of π, K, η and η ′ . We have checked that even with 450 MeV for the σ mass one obtains a similar linear σ model, in which about 80 MeV mass reduction of the η ′ mass is obtained at the saturation density. 16 O energy, E16 O , taken from our calculation for the normal nucleus. The letter appearing in the left side of each energy level shows the quantum number n r ℓ of the η ′ state with the radial quantum number n r and the orbital angular momentum ℓ, while the number appearing in the right represents the binding energy in units of MeV. The binding energies are calculated with three parameter sets. Parameter set 2 and 7 provide soft and hard nuclear media in higher densities, respectively, and parameter set 5 obtains a medium nuclear matter.
is the reason that the bound states with the η ′ meson in the s states has a smaller binding energy than the η ′ binding energy in magnitude.
We find the model dependence that parameter set 2 provides a deeper bound state, while parameter set 7 predicts a relatively shallower bound state than the others. The model dependence stems from the behavior of the nuclear matter in higher densities. Parameter set 2 provides a softer nuclear matter. There higher density nuclear matter has less energy per nucleon as shown in Fig. A1 , and thus the matter obtained by parameter set 2 gets dense more easily than others. In higher density the σ mean field is larger and the η ′ mass is suppressed better. This provides larger attractive potential for η ′ in the nucleus. Figure 3 shows the nuclear density profiles for the η ′ bound systems in 16 O. In this figure we also plot the density distribution of the normal nucleus 16 O calculated with parameter set 5 in the dashed lines for comparison. For the case of the η ′ 1s state, the central density gets 1.5 to 2.0 times larger than the normal density. This is because, due to the s-wave nature the η ′ wave function is concentrated in the center of the nucleus, the attractive interaction between η ′ and σ makes the σ mean field gathered at the center, and, as a consequence, the nuclear density gets higher at the center of the nucleus. It is also notable that, because the the density distribution for the 1s bound state is quite different from the usual nuclear density distribution, the overlap integral for the wave functions of these states may be strongly suppressed and the production cross section of the 1s η ′ mesonic nucleus in the nuclear reaction may be small. This implies that such deeper states have disadvantage to be observed in experiments. For the η ′ excited states, the nuclear density distributions are very similar to the normal density distribution. In Fig. 4 , we show also the density distribution of the η ′ meson for the 1s bound state. This shows that the η ′ density at the center of the nucleus is as larger as 0.1 -0.15 fm −3 . In appendix B, we discuss the nuclear matter properties in finite η ′ density. Figure 5 shows the obtained binding energy spectra of the system of the η ′ meson and the 40 Ca nucleus. We find nine bound states for parameter set 2 and 5 and seven states for parameter set 7. We also show the details of the energy contents of the η ′ -40 Ca system in Table 6 . We find the similar tendency to the case of 16 O. The nuclear modification effects are sufficiently large. With the η ′ meson, the nucleons get more binding energy. In particular, for the case of the η ′ meson in the states with higher angular momentum ℓ > 0, the binding energies of the η ′ -nucleus system become larger than the η ′ binding energy in magnitude. Consequently the energy levels of the first nodal mode get closer and might overlap each other if these states get a absorption width due to the strong interaction. In the 1s state larger model dependence is observed. In Fig. 6 , we show the nuclear density distributions for each η ′ bound state in 40 Ca. For the 1s bound state the central density of the η ′ mesonic nucleus reaches to as large as 0.25 -0.35 fm −3 . The density profiles for the other states are very similar to that of the normal nuclear density distribution.
Finally we show the calculated results of the η ′ -12 C bound system. Here we show the results calculated with parameter set 6, 8 and 9. In these parameter sets, the coefficient c appearing in Eq. (1), which is the coefficient of the quadratic interaction term for the σ field, is found to be positive. The other parameter sets have a negative c. For the normal nuclear matter the sign of the parameter c is not so important and negative values of the parameter c also reproduce the normal nuclear matter properties. Nevertheless, negative c leads to unstable matter in higher densities. Actually, in the case of the η ′ nucleus bound system for lighter 12 nuclei, the strong attraction provided by the η ′ meson is hard to be maintained by small numbers of nucleons and the nucleus gets unstable. A prescription to avoid the negative value of c was proposed in Ref. [53] by introducing a parameter. Here we show the results obtained by the positive values of the parameter c.
In Fig. 7 we show the binding energy spectrum of the η ′ -12 C system for parameter set 6, 8 and 9, and we show the energy contents of these bound states in Table 7 . There are four bound states found. Figure 8 shows the density profile of the η ′ -12 C bound system.
It might be interesting to see the η ′ binding energy spectra themselves for the purpose to examine the η ′ bound state nature, even though these energies are not direct observables. In Fig. 9 , we show the spectra of the η ′ binding energy, E η ′ − m η ′ , for the 16 O, 40 Ca and 12 C nuclei. This figure shows that the energy spectra have very similar structure to the energy spectrum of the harmonic oscillator potential, which is a typical pattern of finite range potentials. Because the attractive potential for the η ′ meson is provided by the σ meen field, the potential shape should be closed to the one of the Woods-Saxon potential. Comparing a typical binding energy spectrum for a Woods-Saxon type potential, in which the 2s and 3s states have less binding energies than the 1d and 1g states, respectively, we find comparable binding energies for 2s and 3s to those of 1d and 1g, respectively. Namely the s states have more attraction. This is because for the s states there are no centrifugal 13 40 Ca energy, E40 Ca , taken from our calculation for the normal nucleus. The letter appearing in the left side of each energy level shows the quantum number n r ℓ of the η ′ state with the radial quantum number n r and the orbital angular momentum ℓ, while the number appearing in the right represents the binding energy in units of MeV. The binding energies are calculated with three parameter sets. Parameter set 2 and 7 provide soft and hard nuclear media in higher densities, respectively, and parameter set 5 obtains a medium nuclear matter.
barrier and the η ′ meson can be in the center of the nucleus. There the nuclear density is high and the η ′ meson gets more attraction from the nuclear matter.
14/24 Table 6 : Numerical results of the properties of the η ′ -40 Ca bound system obtained in the present model for each η ′ bound state in units of MeV. The binding energy E B measured from the threshold of 40 Ca + η ′ is defined as E B = E tot − E40 Ca − m η ′ , where the value of the normal 40 Ca energy, E40 Ca , is taken from our calculation for the normal nucleus. We show here also the η ′ binding energy, E η ′ − m η ′ , the average of the nucleon binding energy, E nuc /A − m N , and the mean field energy per particle, E mean /(A + 1), where A = 40 for 40 O. Nuclear excited stats are not considered here and nucleus stays in the ground state. 
Conclusion
We have investigated the η ′ -nucleus bound system using the relativistic mean field approach, which is a self-contained nuclear model and provides the nuclear saturation properties within the model. Thus, the relativistic mean field theory is good for the investigation of the nuclear structure change induced by the presence of the η ′ meson inside the nucleus. The η ′ meson mass is expected to be reduced in the nuclear matter by a scale of 100 MeV thanks to the partial (or incomplete) restoration of chiral symmetry. The mass reduction of the η ′ meson in infinite matter serves an attractive potential for the η ′ meson in finite nuclei. Under such hadronic scale of attractive interaction, the nuclear structure may be changed in the presence of the η ′ meson in nuclei. The η ′ meson is introduced into the relativistic mean field theory as a particle having a coupling to the σ field. We assume the absence of repulsive η ′ -ω coupling according to the fact that there is no Weinberg-Tomozawa interaction for the η ′ N channel, which is interpreted as vector meson exchange. Owing to the attractive η ′ -σ coupling, the η ′ mass is reduced in the presence of the σ mean field. The η ′ meson interacts with nucleons through the σ field, and the interaction is attractive. The strength of the η ′ -σ coupling is determined so as to reproduce the 80 MeV reduction of the η ′ mass at the saturation density. We have investigated the η ′ mesonic nuclei for 12 C, 16 O and 40 Ca, and have found several bound states of the η ′ meson for each nucleus. The binding energy of the η ′ -nucleus system is determined by not only the η ′ binding energy in the nucleus but also the change of the structure of the core nucleus. The presence of the η ′ meson in the nucleus attracts the σ mean field and consequently enhances binding energies of nucleons in the core nucleus. For bound states in s orbits, the η ′ meson can be at the center of the nucleus due to the absence of the centrifugal barrier. Thanks to the attractive interaction between the η ′ meson and nucleons through the σ mean field, at the center of the nucleus, the nuclear density reaches 1.5 -2.0 ρ 0 for mesonic nuclei with η ′ in the 1s orbit depending on the nuclear matter property, soft or hard. For such a higher density, the repulsive mean field energy gets enhanced and the energy of the core nucleus is not so enhanced. Because the 1s η ′ mesonic nucleus has such a different nuclear density configuration from the normal nucleus, it could be hard to produce experimentally the 1s η ′ mesonic nucleus by nuclear reactions due to small overlap of the nuclear wave functions. Along this line, it would be extremely interesting to calculate the formation cross sections by introducing the change of the nuclear structure. Table 7 : Numerical results of the properties of the η ′ -12 C bound system obtained in the present model for each η ′ bound state in units of MeV. The binding energy E B measured from the threshold of 12 C + η ′ is defined as E B = E tot − E12 C − m η ′ , where the value of the normal 12 C energy, E12 C , is taken from our calculation for the normal nucleus. We show here also the η ′ binding energy, E η ′ − m η ′ , the average of the nucleon binding energy, E nuc /A − m N , and the mean field energy per particle, E mean /(A + 1), where A = 12 for 12 C. Nuclear excited stats are not considered here and nucleus stays in the ground state. where ψ is the nucleon field operator, τ 3 is the Pauli matrix for the isospin space, and · · · means the expectation value in the ground state of the nuclear matter. Hereafter we omit the brackets for the mesonic mean fields like σ ≡ σ for simplicity. The nuclear expectation values will be evaluated in the Fermi gas approximation later. The spacial components of the vector fields vanish in the uniform matter, because the nuclear expectation value ψ γ i ψ turns to be zero. The Dirac equation for nucleon in the presence of the mean fields reads
Because the mean fields are uniform and static, the nucleon field has a momentum eigenstate solution
Substituting this form to the Dirac equation (A2), we obtain
where we have introduced the Lorentz vector and scalar potentials
respectively. Introducing a four-vector defined by
and the effective nucleon mass as
we write Dirac equation as
This corresponds to a free Dirac equation for nucleon with momentum K, in which the energy and mass are shifted by the uniform vector and scalar potentials that are provided by the mean fields, respectively. The solution of this Dirac equation for particle, which satisfies K 2 − m * 2 = 0, is written as
which is normalized asψ
and its density is given byψ
Here the energy E(k) ≡ K 0 for the nucleon state with momentum k is given by
It should be noted that the eigen energy of nucleon (particle) is given by In the calculation of the expectation values of nucleon in the ground state, we take Fermi gas approximation, in which the nucleons occupies the single-particle states with k from the lower levels up to the Fermi momentum k f . The scalar density is calculated as
where the factor 4 means the spin and isospin multiplicity and we have used the normalization of the spinor. Here we assume the symmetric nuclear matter by setting the same Fermi momentum for proton and neutron. The number density of nucleon for the symmetric nuclear matter is calculated as
With this expression, one can obtain the corresponding Fermi momentum to the nuclear density. For the asymmetric nuclear matter, we calculate the number densities for proton and neutron, independently, and we obtain each Fermi momentum for proton and neutron. The mean fields can be obtained by solving the mean field equations (A1), once the nuclear densities are given. Thus, all of the quantities are functions of the Fermi momentum, or the nuclear density. Because the scalar density ρ s depends on the mean field σ through the effective mass of nucleon, m * , one has to solve Eq. (A1a) self-consistently.
Once one obtains the mean field configuration, one can calculate physical quantities for the nuclear matter. The energy density is given by 
The binding energy per nucleon is obtained by Fig. A1: Equation of state for the symmetric nuclear matter reproduced using the parameter sets listed in Table 2 .
We will see that B/A has a minimum value at a finite density. This implies the saturation property of the nuclear matter. We also calculate the compressibility defined by 
Here note that there are no ρ contributions because we consider the isosinglet matter.
Here we introduce the binding energy per particle as
Here the first term is the energy per particle and the second term is the average mass. In Fig. B1 , we show equation of state for the symmetric nuclear matter with the η ′ meson with its density ρ η ′ = 0.1 fm −3 as a function of the nuclear density ρ N . The density ρ η ′ = 0.1 fm −3 corresponds to the η ′ density at the center of the η ′ mesonic nucleus. The dashed line is the binding energy per nucleon for the usual nuclear matter without η ′ , which is calculated with parameter 5, for comparison. This figure shows that we find the saturation property in the matter at higher density with larger binding energy than the normal nuclear matter. In Table B1 we show the values of the saturation densities ρ 0 , the binding energy per particle B/A ′ , the compressibility K, the symmetry energy A sym , the nucleon effective mass m * and the η ′ effective mass m * η ′ for each parameter set. Thanks to the presence of the η ′ matter, equation of state is changed from the usual nuclear matter. In particular, the saturation density gets higher and the compressibility gets larger. Table B1 : Properties of nuclear matter with η ′ mean field at saturation density ρ 0 . The η ′ density is fixed as ρ ′ η = 0.1 [fm] . We show the saturation density ρ 0 , the binding energy per particle B/A ′ , the compressibility K, the symmetry energy A sym , and the effective masses of nucleon and η ′ , m * and m * η ′ . 
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